Journal of Advanced Ceramics
Volume 9

Issue 6

Article 1

2020

Fabrication, microstructures, and optical properties of Yb:Lu2O3
laser ceramics from co-precipitated nano-powders
Ziyu LIU
Key Laboratory of Transparent Opto-functional Inorganic Materials, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 201899, China Center of Materials Science and Optoelectronics
Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

Guido TOCI
Istituto Nazionale di Ottica, Consiglio Nazionale delle Ricerche, CNR-INO, Sesto Fiorentino (Fi) 50019, Italy

Angela PIRRI
Istituto di Fisica Applicata "N. Carrara" , Consiglio Nazionale delle Ricerche, CNR-IFAC, Sesto Fiorentino
(Fi) 50019, Italy

Barbara PATRIZI
Istituto Nazionale di Ottica, Consiglio Nazionale delle Ricerche, CNR-INO, Sesto Fiorentino (Fi) 50019, Italy

Yagang FENG
Key Laboratory of Transparent Opto-functional Inorganic Materials, Shanghai Institute of Ceramics,
Chinese Academy of Sciences, Shanghai 201899, China Center of Materials Science and Optoelectronics
Engineering, University of Chinese Academy of Sciences, Beijing 100049, China

See next page for additional authors
Follow this and additional works at: https://dc.tsinghuajournals.com/journal-of-advanced-ceramics

Recommended Citation
Ziyu LIU, Guido TOCI, Angela PIRRI et al. Fabrication, microstructures, and optical properties of Yb:Lu2O3
laser ceramics from co-precipitated nano-powders. Journal of Advanced Ceramics 2020, 9(6): 674-682.

This Research Article is brought to you for free and open access by Tsinghua University Press: Journals Publishing.
It has been accepted for inclusion in Journal of Advanced Ceramics by an authorized editor of Tsinghua University
Press: Journals Publishing.

Fabrication, microstructures, and optical properties of Yb:Lu2O3 laser ceramics
from co-precipitated nano-powders
Authors
Ziyu LIU, Guido TOCI, Angela PIRRI, Barbara PATRIZI, Yagang FENG, Jiabei WEI, Feng WU, Zhaoxiang
YANG, Matteo VANNINI, and Jiang LI

This research article is available in Journal of Advanced Ceramics: https://dc.tsinghuajournals.com/journal-ofadvanced-ceramics/vol9/iss6/1

Journal of Advanced Ceramics
2020, 9(6): 674–682
https://doi.org/10.1007/s40145-020-0403-8

ISSN 2226-4108
CN 10-1154/TQ

Research Article

Fabrication, microstructures, and optical properties of Yb:Lu2O3
laser ceramics from co-precipitated nano-powders
Ziyu LIUa,b, Guido TOCIc, Angela PIRRId, Barbara PATRIZIc, Yagang FENGa,b,
Jiabei WEIa,b, Feng WUa,e, Zhaoxiang YANGa, Matteo VANNINIc, Jiang LIa,b,*
a

Key Laboratory of Transparent Opto-functional Inorganic Materials, Shanghai Institute of
Ceramics, Chinese Academy of Sciences, Shanghai 201899, China
b
Center of Materials Science and Optoelectronics Engineering, University of
Chinese Academy of Sciences, Beijing 100049, China
c
Istituto Nazionale di Ottica, Consiglio Nazionale delle Ricerche, CNR-INO, Sesto Fiorentino (Fi) 50019, Italy
d
Istituto di Fisica Applicata “N. Carrara”, Consiglio Nazionale delle
Ricerche, CNR-IFAC, Sesto Fiorentino (Fi) 50019, Italy
e
School of Material Science and Engineering, Jiangsu University, Zhenjiang 212013, China
Received: February 5, 2020; Revised: July 2, 2020; Accepted: July 4, 2020
© The Author(s) 2020.

Abstract: The Yb:Lu2O3 precursor made up of spherical particles was synthesized through the
co-precipitation method in the water/ethanol solvent. The 5 at% Yb:Lu2O3 powder is in the cubic
phase after calcination at 1100 ℃ for 4 h. The powder also consists of spherical nanoparticles with the
average particle and grain sizes of 96 and 49 nm, respectively. The average grain size of the
pre-sintered ceramic sample is 526 nm and that of the sample by hot isostatic pressing grows to 612 nm.
The 1.0 mm-thick sample has an in-line transmittance of 81.6% (theoretical value of 82.2%) at 1100 nm.
The largest absorption cross-section at 976 nm is 0.961020 cm2 with the emission cross-section at
1033 nm of 0.9210–20 cm2 and the gain cross sections are calculated with the smallest population
inversion parameter  of 0.059. The highest slope efficiency of 68.7% with the optical efficiency of
65.1% is obtained at 1033.3 nm in quasi-continuous wave (QCW) pumping. In the case of continuous
wave (CW) pumping, the highest slope efficiency is 61.0% with the optical efficiency of 54.1%. The
obtained laser performance indicates that Yb:Lu2O3 ceramics have excellent resistance to thermal load
stresses, which shows great potential in high-power solid-state laser applications.
Keywords: Yb:Lu2O3 transparent ceramics; co-precipitated nano-powder; spectroscopic properties;
laser performance; hot isostatic pressing

1

Introduction

With the improvement of compact and efficient InGaAs
laser diodes (LDs) emitting at around 980 nm, Yb3+
* Corresponding author.
E-mail: lijiang@mail.sic.ac.cn

ion-doped gain materials based on the direct pumping
have become good candidates for high power solidstate lasers [1,2]. Yb3+ ion has a simple laser energy
level scheme only including two manifolds, i.e., 2F5/2
(excited level) and 2F7/2 (ground level), leading to the
absence of de-excitation channels, such as excited-state
absorption, down-conversion cross-relaxation, or up-con-
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version. Yb3+ ion features a relatively small quantum
defect allowing for an efficient diode pumping. It also
has a broad emission band and a wide range of
tunability permitting to generate short duration pulses
[3–5]. Finally, the small diameter of the Yb3+ ion
permits heavy doping of host materials without a
significant reduction of the emission lifetime, and thus
it becomes a very competitive dopant ion in various
host materials, such as Y3Al5O12 [6], sesquioxides [7],
CaF2 [8], Lu3Al5O12 [9], and Y3ScxAl5xO12 [10]. Among
the available hosts, a significant role is played by
sesquioxides as they have a high thermal conductivity
which decreases slowly with the doping concentration
increasing. In particular, the thermal conductivity of
Yb:Lu2O3 remains almost constant even under heavy
doping levels because Yb3+ has an ionic radius and
mass similar to Lu3+ ion. Consequently, Yb3+ doped
Lu2O3 is particularly attractive [11–15]. However, it is
very difficult to grow sesquioxide single crystals due to
the extremely high melting point ( 2400 ℃), which
makes Lu2O3 ceramics promising candidates [16].
Yb:Lu2O3 transparent ceramics were firstly fabricated
by nanocrystalline technology combined with the
conventional pressureless vacuum sintering method
and subsequently a breakthrough in laser output was
achieved [17,18]. Sanghera et al. [19, 20] reported the
fabrication of Yb3+ doped Lu2O3 laser ceramics
obtained by hot pressing of high purity co-precipitated
powders and improved the optical properties by the hot
isostatic pressing (HIP). Recently, some studies have
reported that Yb:Lu2O3 transparent ceramics showed
high optical quality using co-precipitated powders
[21,22]. Briefly, nanocrystalline powder technology with
a vacuum or controlled atmosphere sintering method
makes it possible to fabricate highly transparent ceramic
materials. It is the properties of nanocrystalline powders
like the purity, morphologies, and particle sizes that play
a crucial role in ceramic technology [23–26]. The properties of powders largely depend on the synthesized
precursor during the co-precipitation process.
In our previous studies, we synthesized Yb:Lu2O3
nano-powders in pure water solvent and investigated
the influence of precipitants [27,28]. It can be seen that
the resultant precursors exhibited flake structures,
indicating that the dispersity of the precursors needs to
be improved. The various experimental factors during
the co-precipitation process have great impacts on
precursors. The importance of solvent in a precipitating
reaction cannot be ignored. The influence of the mixed

ethanol and water solvent on the microstructure of precursor has been demonstrated recently, which showed
well dispersive precursors and nano-powders with a
narrow distribution of particle size [29]. Ethanol is a
very common solvent for inorganic salts in two aspects.
Firstly, it is completely miscible with water; secondly,
the polarity of the hydrogen–oxygen bond in ethanol is
weaker than that in water. Adding a small quantity of
ethanol into the mother solution may help to reduce the
agglomeration degree. Besides, its low dielectric
constant makes it easier to reach supersaturation in the
mixed solvent than in the pure water under the same
conditions [30,31].
This study focuses on Yb:Lu2O3 laser ceramics. We
have synthesized Yb:Lu2O3 precursor in the ethanol/
water mixed solution to obtain nano-powder with more
favorable dispersity than in the pure water. Transparent
ceramics were fabricated by vacuum sintering techniques
along with the HIP method. The microstructures, optical,
and spectroscopic properties of the 5 at% Yb:Lu2O3 ceramics were characterized as well as the laser performance.

2

Experimental

The commercial oxide powders including Lu2O3 (99.999%,
Zhongkai New Materials Co., Ltd., Jining, China) and
Yb2O3 (99.99%, Alfa Aesar, USA) were dissolved in an
excess of hot nitric acid under heating and stirring. The
highly concentrated Yb/Lu(NO3)3 solutions were assayed
by chemical analysis. Then the mixed solution was
prepared with the stoichiometric ratio of Lu0.95Yb0.05(NO3)3.
Ammonium sulfate ((NH4)2SO4, 99.0%, Sinopharm
Chemical Reagent Co., Ltd., China) solution was
added into the mixed solution as the dispersant in a
certain molar ratio to the metal ions. Ethanol (99.7%,
Shanghai Zhenxing, China) was used as solvent and
washings. The mixture was diluted with the ethanolwater solution in a volume ratio of 1:2 and the concentration of RE3+ was set to be 0.2 mol/L. 1.0 mol/L
analytical grade ammonium hydrogen carbonate (AHC,
Aladdin, China) solution was prepared with the
ultrapure deionized water as the precipitant.
During the normal striking process, AHC solution
was dripped into the metal ion mixed solution with a
certain precipitated rate. After stirring and aging, the
products were washed with deionized water and
alcohol by centrifugation for several times. Then the
rinsed precursor was dried at 70 ℃ for 40 h in the oven.
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After being sieved through a 200-mesh screen, the
precursor was calcined at 1100 ℃ for 4 h in the air to
obtain Yb:Lu2O3 nano-powder.
The synthesized nano-powder was uniaxially
dry-pressed into 18 mm pellets under about 69 MPa
and subsequently cold isostatic pressed at 250 MPa.
The green bodies were pre-sintered at 1500 ℃ for 2 h
with subsequently HIP post-treatment at 1550 ℃ for
3 h under 150 MPa in Ar atmosphere. The HIPed
ceramics were annealed at 900 ℃ for 20 h in air and
then double-sided polished to 1.0 mm for further
characterizations.
The differential thermal analysis and thermo-gravimetry (TG–DTA, Thermopiles EVO , Japan Rigaku)
curves of the precursor were recorded at the heating
rate of 10 ℃/min from room temperature to 1200 ℃.
The compositions of the synthesized precursor and
Yb:Lu2O3 powder were characterized by the Fourier
transform infrared spectrometer (FT-IR, Bruker
VERTEX 70, Ettlingen, Germany) on KBr pellet in the
region of 4000–500 cm–1 under ambient conditions.
The instrument of high-frequency infrared carbon and
sulfur (CS-2000, Eltra, Germany) was used to determine
2–
the existence of SO4 . The specific surface area (SBET)
of the nano-powder was measured by the nitrogen
adsorption (BET, Quadrasorb SI, Micromeritics, USA).
The phases of the precursor and powder were
identified by the X-ray diffractometer (XRD, Model
D/max2200 PC, Rigaku, Japan) with Cu Kα1 radiation
(λ = 0.15418 nm) with the scanning rate of 5 ()/min
in the 2θ. The morphologies of the resultant precursor
and powder, the microstructures of the thermally
etched pre-sintered and HIPed ceramics were observed
by the field emission scanning electron microscopy
(FESEM, SU8220, Hitachi, Japan). In-line transmittance of the ceramic sample polished in doublesides with 1.0 mm thickness was evaluated by a UV–
VIS–NIR spectrophotometer (Model Carry-5000,
Varian, USA).
The laser performance of the Yb:Lu2O3 ceramic
sample was tested by the experimental setup depicted
in Fig. 1, which was similar to other previous laser
tests on Yb materials [32,33]. The cavity is endpumped. The sample was welded by a sheet of indium
on a copper heat-sink and cooled by water at 19 ℃. It
was pumped by a fiber-coupled laser diode which
emits at 929.4 nm. The laser source shows a Gaussian
pump intensity distribution in the region of the focal
plane (i.e., waist radius around 65 µm at 1/e2, measured

Fig. 1 Experimental laser setup.

with a CCD camera), and the numerical aperture of the
pump beam is 0.22. Other elements of the cavity are:
EM: End-Mirror (a flat mirror with a dichroic coating
with high transmission for the pump wavelength and
high reflection for the laser wavelength); FM:
Folding-Mirror (a curved mirror with a curvature
radius of 100 mm); OC: the flat Output Coupler mirror;
M1 and M2: Power Meters, DM: Dichroic Mirror (for
the rejection of the residual pump beam). The distance
between FM and OC is 185 mm and that between EM
and FM is 56 mm.

3

Results and discussion
–

2–

All anionic groups including HCO3 , CO3 , and OH–
are in the AHC solution. The floccule of lutetium
carbonate would first appear when the precipitant
solution is gradually added into the mixed metal
solution. There exists some basic lutetium carbonate
subsequently with the increasing AHC [34]. The
synthesized precursor is possibly in the form of
(Lu0.95Yb0.05)2(OH)6–2x(CO3)x·nH2O. Moreover, the sulfur
content is 0.43 wt% of the precursor according to the
high-frequency infrared carbon and sulfur analysis,
which demonstrates the existence of sulfate.
In order to get more details of the synthesized
precursor, Fig. 2 gives the results of the TG–DTA
analysis. DTA curve shows one strong endothermic
peak located at 112 ℃ and the corresponding weight
loss below 200 ℃ is about 14.4%, which is mainly
ascribed to the evaporation of adsorbed moisture and
partial molecular water. The continuing weight loss at
a relatively constant rate in the range of 200–400 ℃
largely depends on the decomposition of hydroxyl and
residual molecular moisture with a weight loss of 5.9%.
The broad endothermic band in the range of 400–760 ℃
is mainly due to the decomposition of lutetium
carbonate or basic lutetium carbonate into lutetium
oxide. The approximate weight loss between 400 and
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Fig. 2 TG-DTA curves of the synthesized precursor.

760 ℃ is about 16.5%. The two weak exothermic
peaks in the range of 600–650 ℃ are related to the
formations of Lu–O bond by stages. There is only a
small loss of weight when the temperature is above
800 ℃. A few sulfates remain in the precursor as it can
be seen from the weak peak at 1094 ℃. The dominant
decomposition courses are depicted as follows:
Lu 0.95 Yb0.05  OH 3 2 x  CO3  x  nH 2 O
 200 ℃
Dewatering


 Lu 0.95 Yb0.05  OH 3 2 x  CO3  x
200  400 ℃
Dehydroxylation

 (Lu 0.95 Yb0.05 )2 O3 2 x  CO3 2 x
400  620 ℃


 (Lu 0.95 Yb0.05 ) 2 O3 x  CO3  x
Decarbonation
620  760 ℃
Decarbonation


 (Lu 0.95 Yb0.05 )2 O3
The total weight loss is about 37.7% when the
temperature rises to 1100 ℃ chosen as the calcining
temperature. The amount of the synthesized precursor
is about 29 g. The obtained powder weighs about 18 g
and the corresponding weight loss is about 37.9%,
which is approximately equivalent to the datum from
the TG-DTA analysis.
Figure 3 shows the FT-IR spectra of the synthesized
2–
precursor, which confirms the presence of OH–, CO3 ,
2–
and SO4 groups. The wide absorption band centered at
3387 cm–1 is due to the bending and stretching vibration
of OH– group. The weak peak situated at 2357 cm–1
results from the CO2. The 1529 and 1403 cm–1 strong
sharp peaks are related to the asymmetric and symmetric
2–
stretching mode of the C–O bond in CO3 group,
respectively. The weak peaks of the precursor below
850 cm–1 are mainly assigned to the out-of-plane
2–
deformation mode of CO3 group. The peak located at
2–
–1
1083 cm corresponds to the vibration of SO4 [35].
For the calcined powder, the presence of weak
absorption band located around 1100 cm–1 is related to

Fig. 3 FT-IR spectra of the synthesized precursor and
the 5 at% Yb:Lu2O3 powder calcined at 1100 ℃ for 4 h.
2–

the residual SO4 , which can be demonstrated by the
residual sulfur content of 0.17 wt% of the calcined
2–
powder. The absorption peaks of CO3 group almost
disappear. A weak absorption band around 3500 cm–1
demonstrates the existence of few residual hydroxyl
groups, which may be ascribed to the water molecule
absorbed from the air. The new sharp peak located at
580 cm–1 is corresponding to the Lu–O bond vibration,
which is consistent with the result of DTA analysis.
According to the result of the TG–DTA analysis, the
synthesized precursor was calcined at 1100 ℃ for 4 h
to obtain the 5 at% Yb:Lu2O3 nano-powder. Figure 4
shows the experimental XRD patterns of the resultant
precursor and nano-powder in comparison to the
pattern of cubic Lu2O3 standard card PDF#12-0728.
The amorphous precursor transforms into cubic Lu2O3
phase without any secondary phase after calcination. It
demonstrates that the Yb2O3 is completely soluble in
the Lu2O3. The average crystallite size (DXRD) of the
nano-powder is 49 nm, obtained by calculation from
the full width at half maximum (FWHM) of XRD
spectrum according to the Scherrer's formula [36]:
DXRD  0.89 /    cos 

(1)

where  is the wavelength of Cu K1 radiation,  is
the FWHM of the diffraction peak at Bragg’s angle (θ).

Fig. 4 XRD patterns of the synthesized precursor and
5 at% Yb:Lu2O3 powder calcined at 1100 ℃ for 4 h.
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Figure 5 shows the FESEM micrographs of (a) the
prepared precursor and (b) calcined 5 at% Yb:Lu2O3
nano-powder. It can be seen that the amorphous
precursor consists of spherical nanogranules and shows
weaker agglomeration compared to the flake structural
precursors reported in our previous study [27]. The
microstructure of the synthesized precursor changes
greatly. This result demonstrates that the water/ethanol
mixed solvent can improve the dispersivity of the
precursor. Moreover, the nucleation radius of inorganic
salt has a positive correlation with the dielectric
constant of the solvent. The mixed solvent has a lower
dielectric constant than that of the pure water, which
would result in a smaller nucleation radius thus forming
smaller nano-particles. In addition, the mixed solvent
is expected to weaken the absorption of hydroxyl on
the particle surfaces and the steric effect of ethanol
may also hinder particles from moving closer to each
other, which is in favor of better dispersity. The
nano-powder exhibits a specific surface area (SBET) of
6.626 m2/g with an average particle size (DBET) of 96 nm
which is calculated according to the formula [37]:

DBET  6 / (   S BET )

(2)

3

where  is 9.41 g/cm , the density of synthesized
Yb:Lu2O3 powder from the XRD. Figure 5(b) shows
that the nano-powder made up of spherical nanoparticles
is characterized by a better dispersity after being calcined
at 1100 ℃ for 4 h. Then the calcined nano-powder is
dry-pressed and cold isostatically pressed to be
pre-sintered in the high vacuum environment.

Fig. 5 FESEM micrographs of (a) the precursor and (b)
the 5 at% Yb:Lu2O3 powder.

The opaque ceramics pre-sintered at 1500 ℃ for 2 h
became transparent after HIP post-treatment at 1550 ℃
for 3 h under 150 MPa in Ar atmosphere. Then the
HIPed ceramic sample was annealed at 900 ℃ for 20 h
in air. After being polished on two sides, the final
ceramic sample with a thickness of 1.0 mm is transparently shown in Fig. 6. The sample has an in-line
optical transmittance of 81.6% (theoretic value 82.2%)
at 1100 nm. However, the transmittance decreases
gradually in the visible light band, i.e., 73.6% at 400 nm,
lower than the theoretic value of 80.5%. Improving the
optical quality in the short wavelength range will still
be the key in our future studies. Briefly, the optical
quality of 5 at% Yb:Lu2O3 ceramics is improved
especially in the short wavelength range compared
with the results reported in Ref. [27].
As can be seen from Fig. 7(a), a great number of largesized micro-pores are found between the boundaries
which would go against the densification of ceramics
during the pre-sintering process. It possibly owes to the
insufficient dispersity and uniformity of the prepared
nano-powder. The ceramic sample pre-sintered at 1500 ℃
for 2 h has an average grain size of 526 nm. It is
critical to increasing the relative density as much as
possible to obtain transparent ceramics. A micrograph
of the thermally etched surface of the HIPed ceramic
sample is shown in Fig. 7(b). Compared to the surface
of the pre-sintered sample, the number of micro-pores
decreases greatly to thus obtain good densification and
the average grain size slightly grows up to 612 nm.
Therefore, the HIP conditions used here (temperature,
pressure, and dwell time) are relatively well suited to
reducing the porosity of the pre-sintered ceramics. The
HIP approach can reduce or compress the majority of
micro-pores in ceramics to improve their densification
by significantly enhancing driving force [38].

Fig. 6 In-line optical transmittance of the mirror-polished
5 at% Yb:Lu2O3 transparent ceramics (1.0 mm thickness)
with the photograph.
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two lines possess broader linewidth, which is more
suitable for laser diode pumping. The absorption crosssections at 976 and 947 nm are 0.9610–20 and 0.63
10–20 cm2, respectively.
Based on the calculated absorption cross-section,
the emission cross-section em() can be estimated by
the reciprocity method [41]:

 em ( )   abs ( )

The absorption and emission cross-sections of the
final 5 at% Yb:Lu2O3 ceramic sample are calculated
from the in-line optical transmittance, which is shown
in Fig. 8(a). The absorption cross-section (abs) is
calculated by the following equations [39]:
n 2  D1 

D2

  D3

R
T

2

 D4  2

(1  n)2
(1  n)2

(1  R) 2 exp( b)
1  R 2 exp(2 b)

 abs 

(7)

 Ea 
dia exp   i 
(8)
 kT 


i
where Zu and Zl are the upper and lower manifold
partition functions, respectively, calculated by the Eq. (8);
k is the Plank constant; a = u or l, dia is the degeneracy
of the energy level Eia [42] and the calculated values
of Zu and Zl are about 1.151 and 1.227, respectively; the
wavelength of the zero-phonon line, λZL, located at
976 nm for the Yb:Lu2O3 ceramics; h, c, and k are the
Planck constant, the light speed, and the Boltzmann
constant, respectively; T is the temperature in Kelvin.
Calculations are performed at room temperature (300 K).
The calculated emission cross-sections at 1033 and
1079 nm are 0.9210–20 and 0.2810–20 cm2, respectively.
These values are very similar to those of Yb:Lu2O3
single crystal [42].
Za 

Fig. 7 FESEM micrographs of (a) the thermally etched
surface of 5 at% Yb:Lu2O3 ceramic pre-sintered at 1500 ℃
for 2 h with (b) HIP post-treatment at 1550 ℃ for 3 h
under 150 MPa.

Zl
1
 hc   1
exp 
 

Zu
 kT   ZL  



(3)

(4)
(5)



(6)
N
where n and  are the refractive index and wavelength,
respectively; the Sellmeier coefficients Di (i = 1,2,3,4)
are obtained from Ref. [40]; R is the Fresnel reflectivity; T is the in-line transmittance ranging from 200
to 1200 nm of the 5 at% Yb:Lu2O3 sample measured
by the spectrophotometer;  and b are the absorption
coefficient and the thickness of the sample, respectively;
N is the number of the doping ions in the unit volume
(1.4261021 for 5 at% Yb:Lu2O3 ceramics). As can be
seen from the absorption cross-section curve, four
peaks/bands located at 903, 947, 976, and 1032 nm
correspond to the 2F7/2→2F5/2 transitions of Yb3+,
respectively. Among these absorption lines, the former

Fig. 8 (a) Absorption, emission, and (b) gain crosssections of the 5 at% Yb:Lu2O3 ceramic pre-sintered at
1500 ℃ for 2 h with HIP post-treatment at 1550 ℃ for 3 h.
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According to the calculated absorption and emission
cross-sections, the gain cross-section can be obtained
by the following equation [43]:

 g ( )   em ( )  (1   ) abs ( )

(9)

where  g is the grain cross-section; the population
inversion parameter  is the fraction of the number of
Yb3+ ions in the upper 2F5/2 manifold to the total
number of Yb3+ ion density. The gain cross-section as a
function of the wavelength calculated with different 
are shown in Fig. 8(b). The smallest  is 0.059 which
is slightly higher than that of Yb:YAG ceramics (i.e.,
0.055). When  is higher than 0.059, the strongest laser
emission peak is located at 1033 nm. The laser
wavelength at 976 nm cannot be generated because of
a strong reabsorption effect.
Meanwhile, the lifetime of the upper-level 2F5/2 of
Yb3+ was measured using a pulsed Ti:Sapphire emitting
at 895 nm (pulse duration 45 ns) for the excitation,
using the so-called pinhole method to avoid radiation
trapping effects [44–46]. The upper-level lifetime of
710 s is somehow shorter than the values reported by
Petermann et al. [47] and by Peters et al. [48] (820 and
805 s, respectively).
For the laser test, the sample has a thickness of 1.0 mm
and is in the shape of one-quarter of a disk with a
diameter of about 13 mm. The sample has flat surfaces
with a residual wedge angle of about 0.7 mrad. Several
OCs with different transmission, TOC, ranging from
about 2% to 38% were used to find the optimal output
coupling transmission. Two different campaigns of
measurements were performed. In the first run, the
sample was pumped in quasi-continuous wave (QCW)
(10 Hz, duty factor of 20%) regime while in the second
run, it was tested in the CW regime. The maximum
pump power was 22.5 and 19.5 W in QCW and CW
pumping conditions, respectively. The unsaturated
absorption of the sample was about 17% of the
incident pump power.
The QCW laser output power versus the absorbed
pump power obtained with OC mirrors with different
TOC are shown in Fig. 9(a). The highest slope efficiency
 = 68.7% with an optical efficiency of 65.1% is
achieved at 1033.3 nm by TOC = 18.6% and the
maximum output power is 2.9 W.
CW laser test was carried out by closing the laser
cavity with two OC mirrors having a transmission of
10.0% and 18.6%. As shown in Fig. 9(b), we found
that the best laser performance was achieved by TOC
= 18.6%. At 1033 nm, laser gives about 2.3 W with a
corresponding slope efficiency of 61.0% and optical

Fig. 9 Output power verse absorbed pump power
obtained with OC mirrors with the different TOC in QCW
and CW pumping conditions, respectively.

efficiency of 54.1%. It is worth noting that the slope
efficiencies in the CW pumping regime are only
slightly lower than those obtained in the QCW regime.
This can be interpreted as a clear indication that
Yb:Lu2O3 ceramic is very resistant to thermal stress.
The slope efficiency data obtained in QCW condition
was analyzed using the Caird formula [49]:

L  P

ln(1  TOC )
P
L ln  (1  TOC )(1  L)

(10)

where L is the slope efficiency, P and L are the
pump and lasing wavelength, respectively, to evaluate
the intracavity nonsaturable loss L (here mainly due to
the internal scattering in the ceramic sample) and the
pumping efficiency P. The intracavity roundtrip loss
is about 1.7%, whereas the P is 80%. The value of the
intracavity loss is quite low, which confirms the high
optical quality of the sample. The pumping efficiency
is lower than unity, indicating the existence of some
energy loss channel from the upper laser level. This is
consistent with the observation that the upper level
lifetime is shorter than the value commonly observed
in crystals, as noted above.

4

Conclusions

Yb:Lu2O3 precursor with spherical particles has been
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synthesized in the ethanol/water mixed solvent. The
nano-powder calcined at 1100 ℃ for 4 h shows the
average particle and grain sizes of 96 and 49 nm,
respectively. The 5 at% Yb:Lu2O3 transparent ceramics
with the grain size of 612 nm were fabricated by
vacuum sintering at 1500 ℃ for 2 h with HIP posttreatment at 1550 ℃ for 3 h, whose in-transmittance
reaches 81.6% at 1100 nm. The absorption crosssections at 976 and 947 nm are 0.9610–20 and
0.6310–20 cm2, respectively, and the calculated emission
cross-sections at 1033 and 1079 nm are 0.9210–20 and
0.2810–20 cm2, respectively. When the  is above
0.059, the strongest laser emission peak is located at
1033 nm according to the gain cross-sections. The
highest  of 68.7% is observed in QCW condition and
the  is 61% in CW condition with the same TOC =
18.6%. The slope efficiency with the same OC in CW
pumping regime is only slightly lower than that in
QCW regime, indicating the excellent resistance of
5 at% Yb:Lu2O3 ceramics to thermal load stress.
Yb:Lu2O3 transparent ceramics with high optical
quality have great application potential in high-power
solid-state lasers.
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